1. Introduction {#sec1-sensors-18-00618}
===============

Wearable and skin attachable electronic devices have gained attention in recent years. Such applications are ideal for biomedical microelectromechanical systems (bioMEMS) \[[@B1-sensors-18-00618],[@B2-sensors-18-00618],[@B3-sensors-18-00618],[@B4-sensors-18-00618]\]. Flexible strain sensors can be used in many biomedical applications \[[@B5-sensors-18-00618],[@B6-sensors-18-00618]\]. They can be attached to clothes to detect body motion signals \[[@B6-sensors-18-00618],[@B7-sensors-18-00618],[@B8-sensors-18-00618],[@B9-sensors-18-00618]\], such as buckling, walking, crouching, and jumping. Flexible strain sensors can also be attached to the skin above the vocal cords to detect electrical signals during speech and breathing \[[@B10-sensors-18-00618]\].

A conductive elastomer is a composite containing both flexible material and conductive material, which can be applied to fabricate many kinds of sensors, such as temperature \[[@B11-sensors-18-00618]\], pressure \[[@B12-sensors-18-00618],[@B13-sensors-18-00618],[@B14-sensors-18-00618],[@B15-sensors-18-00618]\], and strain sensors \[[@B16-sensors-18-00618],[@B17-sensors-18-00618],[@B18-sensors-18-00618],[@B19-sensors-18-00618],[@B20-sensors-18-00618]\]. These sensors can also be used in biomedical applications, such as blood pulse measurement \[[@B21-sensors-18-00618]\] and as electronic skin \[[@B22-sensors-18-00618]\]. A common way to fabricate a conductive elastomer is by mixing flexible material and conductive material, and then curing the composites by baking. The most commonly used flexible material for conductive elastomer fabrication is polydimethylsiloxane (PDMS) \[[@B23-sensors-18-00618],[@B24-sensors-18-00618],[@B25-sensors-18-00618],[@B26-sensors-18-00618],[@B27-sensors-18-00618],[@B28-sensors-18-00618],[@B29-sensors-18-00618],[@B30-sensors-18-00618],[@B31-sensors-18-00618],[@B32-sensors-18-00618],[@B33-sensors-18-00618]\].

There are many methods to fabricate flexible strain sensors with conductive elastomers, including carbon nanotube growth \[[@B16-sensors-18-00618],[@B34-sensors-18-00618],[@B35-sensors-18-00618],[@B36-sensors-18-00618]\], photolithography \[[@B37-sensors-18-00618]\], and soft lithography. In 2008, Chang et al. fabricated flexible strain sensors by carbon nanotube growth. These flexible strain sensors achieved a high strain resolution of 0.004% and a high piezoresistive gauge factor of 269 \[[@B16-sensors-18-00618]\]. In 2012, Lu et al. fabricated flexible strain sensors by photolithography with carbon nanoparticles, carbon nanotubes, and PDMS \[[@B37-sensors-18-00618]\]. The manufacturing procedure required undergoing photolithography processes twice, resulting in a piezoresistive gauge factor of 29.1. In 2014, Kong et al. fabricated flexible strain sensors by soft lithography micropatterning, using carbon nanoparticles and PDMS \[[@B24-sensors-18-00618]\]. The piezoresistive gauge factor of the sensor was about 1.8--5.5. In summary, most conductive-elastomer based flexible strain sensors were fabricated by photolithography, which can achieve a higher piezoresistive gauge factor (approximately 15--30), but is process intensive and time consuming. Soft lithography fabrication requires less processing than photolithography fabrication, thus it is more cost effective, but flexible strain sensors fabricated by soft lithography can only achieve a lower piezoresistive gauge factor (approximately 1.8--5.5) because of the limitations of the materials used. As a result, soft lithography-based sensors can only be used in applications requiring low piezoresistive gauge factors, such as health-monitoring, mass measurement, and pressure sensing.

In this study, different pattern of flexible strain sensors was made by a stamping-process with conductive PDMS (CPDMS) elastomer, trying to improve the gauge factor by patterning. The PDMS stamp was made of micromolding. The goal is to provide high gauge-factor strain sensors without the intensive processes required by photolithography. First we measured the Young's modulus and piezoresistive gauge factors of the CPDMS strain sensors. Relevant parameters, such as length and thickness, of the sensor were modified to enhance the gauge factor. The thickness of the resulting CPDMS strain sensors was measured with an optical microscope.

2. Materials and Methods {#sec2-sensors-18-00618}
========================

2.1. Fabrication of Conductive Elastomer {#sec2dot1-sensors-18-00618}
----------------------------------------

Carbon particles (Colour Black FW 200, Palmer Holland, North Olmsted, OH, USA) with 10 nm diameter were used. Reference \[[@B38-sensors-18-00618]\] 5 wt % carbon particles \[[@B39-sensors-18-00618]\] and PDMS (SYLGARD 184 A, U&I Bio-Tech, Seoul, Korea) with mixing ratio of 10:1 (A agent:B agent) were mixed with heptane. Then the mixed matrix was stirred till the heptane was completely volatilized so the carbon particles can be fully dispersed in the PDMS matrix. The particle-PDMS matrix was poured into a mold or onto silicon wafers (400 µm thick; Semiconductor Wafer, Hsinchu, Taiwan) for the stamping process. Finally, the matrix was degassed and cured at 70 °C in a vacuum oven (DOV-30, Yeong-Shin, Hsinchu, Taiwan) for one hour.

2.2. Fabrication of CPDMS Strain Sensor {#sec2dot2-sensors-18-00618}
---------------------------------------

Silicon molds of designed patterns were made by photolithography \[[@B40-sensors-18-00618]\] Grid patterns included patterns with two, three, four, and five grids ([Figure 1](#sensors-18-00618-f001){ref-type="fig"}).

Patterns with more grids increase the length of conductive elastomers. The strain and resistance relations of the CPDMS strain sensors with different patterns were measured. We used SU8 (SU8-2025, TELTEC Semiconductor Pacific, Hsinchu, Taiwan) as the photoresist in strain sensor mold fabrication. Parameters used during fabrication are: rotation speed of 1500 rpm, exposure time of 4.5 s, and development time of 9 min. The mold development process with photolithography is shown in [Figure 2](#sensors-18-00618-f002){ref-type="fig"}. The mold fabrication results are shown in [Figure 3](#sensors-18-00618-f003){ref-type="fig"}.

Micropatterning was applied to make CPDMS strain sensors. The fabrication process is shown in [Figure 4](#sensors-18-00618-f004){ref-type="fig"}. First PDMS with a mixing ratio of 10:1 was poured into the silicon mold, degassed in the vacuum oven, and cured at 70 °C. The cured PDMS was peeled off and used as a "stamp". The PDMS stamp was pressed onto CPDMS mixture on silicon wafers, and then the CPDMS was transferred onto the stamp. After being cured, CPDMS elastomers with different patterns were made and can be used as strain gauge sensors.

2.3. Measuring the Piezoresistance of the CPDMS Elastomer {#sec2dot3-sensors-18-00618}
---------------------------------------------------------

The resistance measurement of CPDMS under different pressures is shown in [Figure 5](#sensors-18-00618-f005){ref-type="fig"}. The CPDMS bulk was protected with two PDMS layers. The sandwich structure was made by curing PDMS, CPDMS, and PDMS layers sequentially, and a conductive copper tape was inserted during curing for resistance measurement ([Figure 5](#sensors-18-00618-f005){ref-type="fig"}a). A universal testing machine (HT-9102, Hung Ta Instrument, Taichung, Taiwan) compressed the CPDMS elastomer in the vertical direction, with a resistance meter (DM-3000, HILA, Taipei, Taiwan) attached on the conductive copper tape ([Figure 5](#sensors-18-00618-f005){ref-type="fig"}b). For electrical conditioning, the carbon particle and PDMS ratio was varied till the measured initial resistances can be measured and are reproducible (*n* \> 3, data not shown). Also, the resistance of measurement was calibrated till the initial resistances of CPDMS were identical. When pressure was exerted by the universal testing machine, we recorded the force, movement, and electric resistance to calculate piezoresistance.

2.4. Measuring Piezoresistance of the CPDMS Strain Sensor {#sec2dot4-sensors-18-00618}
---------------------------------------------------------

The CPDMS strain sensor was fixed on the PDMS substrate as shown in [Figure 6](#sensors-18-00618-f006){ref-type="fig"}a. On the two pads of the CPDMS strain sensor, aluminum wires were fixed with silver glue. PDMS substrate was stretched with the HT-9102 universal testing machine ([Figure 6](#sensors-18-00618-f006){ref-type="fig"}b) and the resistance change of CPDMS strain sensor was measured with the resistance meter.

Under the same initial and boundary condition, PDMS and PDMS strain gauge yielded the same results in the stress-strain simulation, so this method could determine the piezoresistance of the CPDMS strain sensors. With the displacements measurement from the universal testing machine and resistance value, the piezoresistance and the gauge factor of the CPDMS strain sensor could be obtained.

2.5. Young's Modulus Measurement {#sec2dot5-sensors-18-00618}
--------------------------------

Young's modulus measurement of the elastomer was based on the ASTM D412 standard test from the American Society of the International Association for Testing and Materials. The PDMS and CPDMS sample was fixed in the universal testing machine. When the sample was stretched, the computer recorded force and displacement. Stress was calculated according to the formula below (Equation (1)):$$\sigma = F/A$$

In Equation (1), *σ* is the stress (MPa), *F* is the force (N) and *A* is the cross-sectional area (mm**^2^**) of the sample. Strain was calculated according to the formula below (Equation (2)):

$$\epsilon = \left( L - L_{0} \right)/L_{0}$$

In Equation (2), *ϵ* is the strain, L is the stretched length (mm) and *L**~0~*** is the initial length (mm). Young's modulus was calculated according to the formula below (Equation (3)). *E* is the Young's modulus, *σ* is the stress, and *ϵ* is the strain. The calculated Young's modulus of PDMS and CPDMS were used for ANSYS stress analysis:$$E = \sigma/\epsilon$$

2.6. CPDMS Strain Sensor Simulation {#sec2dot6-sensors-18-00618}
-----------------------------------

In this study, the stress-strain analysis of the PDMS substrate and CPDMS strain sensor was simulated with ANSYS Workbench 14.0. For PDMS, the density, Young's modulus, and Poisson's ratio used were 965.0 kg/m**^3^**, 410 kPa, and 0.3, respectively; for CPDMS, the density, Young's modulus and Poisson ratio were 1290.5 kg/m**^3^**, 410 kPa, and 0.3, respectively. Both PDMS and CPDMS Young's modulus were based on the measurement results mentioned in [Section 2.5](#sec2dot5-sensors-18-00618){ref-type="sec"}. The thickness of the PDMS substrate was 1.0 mm and the height of the protruding PDMS structure was 90 μm; the thickness of the CPDMS was measured by optical microscope (DM IL, Leica, Wetzlar, Germany) and was about 30 μm. For boundary conditions, as shown in [Figure 7](#sensors-18-00618-f007){ref-type="fig"}, the right side (A) of the pattern was fixed and 0.2415 MPa tensile stress was exerted on the left side (B). The resulting strain of 0.2415 MPa was 25%.

2.7. Durability Test of the CPDMS Strain Sensor {#sec2dot7-sensors-18-00618}
-----------------------------------------------

The durability test was performed by stretching the CPDMS gauge sensor multiple times with the universal testing machine while recording the resistance. The CPDMS gauge sensor was stretched to 10% above its initial length and then released repeatedly. The stretching speed was 3 mm/min; amount stretched varied from 0.0 mm to 3.3 mm (10% strain) and releasing amount was from 3.3 mm to 0.0 mm. Initial resistance of the CPDM was first measured. The resistance was measured 5 seconds after every stretching and releasing.

3. Results and Discussion {#sec3-sensors-18-00618}
=========================

3.1. Conductive Elastomer Measurement Results {#sec3dot1-sensors-18-00618}
---------------------------------------------

The conductive elastomer was put into the universal testing machine and pressure was exerted on the elastomer. The measurement results were shown in [Figure 8](#sensors-18-00618-f008){ref-type="fig"}. As shown in [Figure 8](#sensors-18-00618-f008){ref-type="fig"}a, the resistance of the conductive elastomer rose with the applied pressure. This could be attributed to the transverse elongation of the conductive elastomer, which increased the distance between carbon particles embedded in the conductive elastomers. [Figure 8](#sensors-18-00618-f008){ref-type="fig"}b presents the pressure and strain values (ratio of displacement and sample thickness). [Figure 8](#sensors-18-00618-f008){ref-type="fig"}c is the piezoresistance to strain relation according to [Figure 8](#sensors-18-00618-f008){ref-type="fig"}a,b. The piezoresistance increased linearly with the strain.

3.2. CPDMS Strain Sensor Simulation Results {#sec3dot2-sensors-18-00618}
-------------------------------------------

CPDMS strain sensor simulation results are shown in [Figure 9](#sensors-18-00618-f009){ref-type="fig"}. The stretch on the left side (0.93--0.97) is greater than the stretch on the right side (0.21--0.22). The CPDMS strain sensor with more grids has a larger total strain with the same PDMS substrate strain. Therefore, the corresponding resistance change and gauge factor increase with grid number.

3.3. Gauge Factors of CPDMS Strain Sensors with Different Amount of Grids {#sec3dot3-sensors-18-00618}
-------------------------------------------------------------------------

The resistance change and strain rate of CPDMS strain sensor with different amount of grids was measured. The thickness of the CPDMS was 120.0 μm ± 15.7 μm. The measurement results are shown in [Figure 10](#sensors-18-00618-f010){ref-type="fig"}. When the number of grids increased, the gauge factor increased. This is because sensors with more grids have longer CPDMS structures. Hence, resistance change and gauge factor increased with grid number. This result corresponds to results from simulations. The standard deviation of the measured gauge factor was high sine the CPMDS thickness was difficult to control in the CPDMS "stamping" process. The gauge factors were also divided by the number of sensor squares and the normalized gauge factors were calculated ([Table 1](#sensors-18-00618-t001){ref-type="table"}). The normalized gauge factors are quite similar. The differences might come from the tolerance of gauge factor and the total strain of the sensors was not exactly proportional to the number of sensor squares.

3.4. Gauge Factor of CPDMS Strain Sensors with Different Thicknesses {#sec3dot4-sensors-18-00618}
--------------------------------------------------------------------

CPDMS strain sensor with five grids was used for thickness experiments. Sensors with different thicknesses were made by embossing two, four and six times, resulting in thicknesses of 120.0 μm ± 15.7 μm, 125.0 μm ± 19.4 μm, and 140.0 μm ± 13.7 μm, respectively. The measurement results are shown in [Figure 11](#sensors-18-00618-f011){ref-type="fig"}. The gauge factor measured of 120.0 μm thick sensor has the highest gauge factor of about 5.070. This result indicates that the thinner CPDMS strain sensor makes the higher gauge factor. This might be because that for thin CPDMS sensors, the amount of conductive particles is less per unit length. Hence, stretching the sensor makes the resistance change larger than that of thick CPDMS sensors.

3.5. Durability of the CPDMS Strain Sensors {#sec3dot5-sensors-18-00618}
-------------------------------------------

The CPDMS strain sensor with five grids was used for the durability test, since it has highest gauge factor. The results are shown in [Figure 12](#sensors-18-00618-f012){ref-type="fig"}. The initial resistance of the CPDM strain sensor was 7.29 MΩ. The difference between the first and the second stretch-release cycle might be because of the hysteresis. The increase of the piezoresistance might be because the CPDMS tensile recovery was slow. This would make the distances between carbon particles increase and, hence, piezoresistance increase.

4. Conclusions {#sec4-sensors-18-00618}
==============

In this study, CPDMS together with a micro-molding and stamping process was used to fabricate gauge strain sensors rapidly and cost effectively. The effects of different patterns and thickness were also discussed. The results showed that CPDMS resistance increased linearly with compression pressure and the resistance increased 60% at 10% strain. Additional CPDMS strain sensor grids provided higher gauge factors. The five grid pattern attained a gauge factor of 4.396, whereas the two grid pattern measured gauge factor was only 2.838. The 120 μm thick CPDMS strain sensors has highest gauge factor, which was 5.070. In the CPDMS strain sensor durability test, the CPDMS strain sensor could withstand 60 stretch-release cycles, but the resistance would gradually increase. This study provides a method to produce strain sensors cost-effectively. The reproducibility and durability of the sensors, however, requires further investigation in the future.
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![(**a**) Silicon mold and (**b**) optical microscope image of mold for strain sensor fabrication.](sensors-18-00618-g003){#sensors-18-00618-f003}

![Micro-molding and stamping (micropatterning) fabrication process.](sensors-18-00618-g004){#sensors-18-00618-f004}

![Piezoresistance measurement. (**a**) Preparation and (**b**) CPDMS resistance measurement under different pressure.](sensors-18-00618-g005){#sensors-18-00618-f005}

![Piezoresistance measurement of (**a**) CPDMS attached on a strain gauge with (**b**) universal testing machine.](sensors-18-00618-g006){#sensors-18-00618-f006}

![Boundary conditions of PDMS simulation. Right side (**A**) was fixed and the pressure applied on left side (**B**) was 0.2415 MPa.](sensors-18-00618-g007){#sensors-18-00618-f007}

![Piezoresistance and strain of CPDMS under different pressure. (**a**) Piezoresistance to pressure; (**b**) Strain to pressure; (**c**) Piezoresistance to strain. The black lines are the measurement results and the red lines are the linear approximation of the measurement results.](sensors-18-00618-g008){#sensors-18-00618-f008}

![Total stretching and gauge factors of different gauge patterns were simulated with ANSYS.](sensors-18-00618-g009){#sensors-18-00618-f009}

![Gauge factors of CPDMS gauge sensor with different grid numbers: squares, gauge factor for the five grid gauge sensor; circles, gauge factor for the four grid gauge sensor; blue triangles, gauge factor for the three grid gauge sensor; green triangles, gauge factor for the two grid gauge sensor.](sensors-18-00618-g010){#sensors-18-00618-f010}

![Effects of strain gauge thickness on gauge factor. Squares, gauge factor for the 120 μm gauge sensor; circles, gauge factor for the 125 μm gauge sensor; triangles, gauge factor for the 140 μm gauge sensor.](sensors-18-00618-g011){#sensors-18-00618-f011}

![Durability of strain gauge. A 5-grid strain gauge was used. The max strain of stretching was 10% and strain of releasing was 0%.](sensors-18-00618-g012){#sensors-18-00618-f012}

sensors-18-00618-t001_Table 1

###### 

The normalized gauge factors.

           No. of Sensor Squares   Gauge Factor   Gauge Factor/No. of Sensor Squares
  -------- ----------------------- -------------- ------------------------------------
  Grid 5   6                       4.396          0.733
  Grid 4   5                       3.658          0.731
  Grid 3   4                       3.664          0.916
  Grid 2   3                       2.838          0.946
